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A two-sample Mendelian randomization
study of atherosclerosis and dementia

Qiaoyun Zhang,'” Guangheng Wu,” Xiaoyu Zhang,* Sheng Wang,""* and Youxin Wang®>¢./.*

SUMMARY

The causality between atherosclerosis and dementia remains unclear. This study aimed to explore the
causal effect of atherosclerosis related indicators on dementia risk based on two-sample Mendelian
randomization (MR) using summary statistics of genome-wide association studies (GWASs). The inverse
variance weighted (IVW) method was performed as the main analysis, supplemented by different sensi-
tivity analyses. Suggestive evidence indicated that peripheral arterial disease (PAD) (odds ratio (OR):
0.864, 95% confidence interval (Cl): 0.797-0.937), coronary atherosclerosis (CoAS) (OR: 0.927, 95% Cl:
0.860-0.998) and atherosclerosis, excluding cerebral, coronary, and PAD (ATHSCLE) (OR: 0.812, 95%
Cl: 0.725-0.909) were inversely associated with the risk of AD. The sensitivity analysis confirmed a sugges-
tive reverse effect of ATHSCLE on the risk of frontotemporal dementia (FTD) (OR, 0.812, 95% Cl, 0.725-
0.909). Findings provide suggestive evidence that PAD, CoAS, and ATHSCLE might be associated with the
risk of AD or FTD, which requires further exploration in larger samples.

INTRODUCTION

Dementia, mainly including Alzheimer's disease (AD) (accounting for 50-70%), dementia with Lewy bodies (DLB) (accounting for 10%-15%),
frontotemporal dementia (FTD) (accounting for 5%-10%), and vascular dementia (VaD) (accounting for 15%-20%), is affecting about 50 million
people worldwide and is expected to rise to 152 million by 2050."~ The main clinical manifestation of dementia and its subtypes is a progres-
sive impairment in cognitive function, language, and behavior, which poses a serious financial and healthcare burden on patients, families,
medical institutions, and society."” Given the lack of effective drugs for dementia and the fact that preclinical changes in the brain may occur
long before dementia develops, early identification, prevention, and intervention of potential modifiable risk factors for dementia is of great
significance.

Arterial stiffness and atherosclerosis, two well-documented modifiable vascular risk factors, contribute to the initiation and development of
age-related cognitive impairment and dementia.>”” Arterial stiffness, which affects the natural cushioning function of the arterial system
(including cerebral vessels) and eventually brain function, has emerged as an independent predictor of vascular aging and has been sug-
gested to be related to atherosclerosis.'” Pulse wave velocity (PWV), especially carotid-femoral PWV (cfPWV), is the reference standard for
measuring arterial stiffness, while arterial stiffness index (ASI) is a marker that can be measured noninvasively using pulse waveforms.'"'?
The atherosclerotic process, characterized by atherosclerotic plague formation, stenosis, and blockage of arteries,’” has a long preclinical
phase called subclinical atherosclerosis, and noninvasive methods can be used for early detection and prevention.'*'> Some typical examples
include associations between noninvasive indicators or markers of subclinical atherosclerosis or arterial stiffness (e.g., carotid plaque burden,
peripheral arterial disease (measured as ankle-brachial index (ABI)), and PWV), and cognitive function.®'*?° In addition, a clinical study sup-
ports the relationship between carotid atherosclerosis (CAS) and VaD, as well as AD.”! However, owing to the potential biases from residual
confounding and reverse causality, inconsistent correlation conclusions were found in the published observational studies mentioned previ-
ously. Although some evidence suggests that atherosclerosis and dementia may share a common pathogenetic pathway,”” ™ the genetic
causality of this association remains to be further explored.

A Mendelian randomization approach exploits the natural random assignment of genetic variants related to hypothesized risk factors to
improve causal inference when using observational data, which is not susceptible to resident confounders and reverse causality.”” In this
study, we leveraged summary-level data of GWAS of European ancestry to identify the causal effect of arterial stiffness and atherosclerotic
indicators on the risk of dementia and its subtypes. The GWAS summary data in this study are detailed in Table 1 and an overview of the study
design is shown in Figure 1.
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Table 1. Data sources used for the two-sample Mendelian randomization analysis

Sample size

Phenotype Phenocode/GWAS ID (cases/controls) Consortium or cohort study (Link URL)
Exposures CPAmax/CPSmax  81W59K3RUJ-4/ 1,277 individuals Cohort study, https://www.health-atlas.de/

8TW5GAJIXK9-2

baPWV/bfPWV 82VNGAUQKT-0 3,643-6,734 individuals  Cohort study, https://www.health-atlas.de/

PAD 1) ukb-d-19_PAD (original) 1) 1,230/359,964 NA, IEU OpenGWAS project (https://gwas.mrcieu.ac.uk/)
2) 19_PAD (PAD_FinnGen) 2) 9,021/244,907 R6, FinnGen consortium (https://www.finngen.fi/en)
(sensitivity)

pWASI ukb-b-11971 151,053 individuals MRC-IEU, IEU OpenGWAS project

(https://gwas.mrcieu.ac.uk/)

CoAS 19_CORATHER (FinnGen) 42,421/285,621 R8, FinnGen consortium (https://www.finngen.fi/en)

CeAS 19_ CEREBATHER 282/342,217 R8, FinnGen consortium (https://www.finngen.fi/en)
(FinnGen)

ATHSCLE 19_ ATHSCLE (FinnGen) 13,434/317,899 R8, FinnGen consortium (https://www.finngen.fi/en)

CAD ebi-a-GCST005195 122,733/547,261 IEU OpenGWAS project (https://gwas.mrcieu.ac.uk/)

Qutcomes  AD

1) ieu-b-2 (original)
2) F5_ALZHDEMENT
(AD_FinnGen) (sensitivity)

1) 21,982/41,944
2) 4,406/325,306

1) IEU OpenGWAS project (https://gwas.mrcieu.ac.uk/)
2) R8, FinnGen consortium (https://www.finngen.fi/en)

DLB ebi-a-GCST90001390 2,591/4,027 NA, I[EU OpenGWAS project (https://gwas.mrcieu.ac.uk/)

FTD 1) ieu-b-43 (original) 1) 515/2,509 1) NA, IEU OpenGWAS project (https://gwas.mrcieu.ac.uk/)
2) FTD_meta (sensitivity) 2) 2,154/4,308 2) https://ifgcsite.wordpress.com/data-access/(FTD meta)?¢
3) FTD_FinnGen 3) 99/328,323 3) R8, FinnGen consortium (https://www.finngen.fi/en)
(sensitivity)

VaD F5_VASCDEM 2,048/328,982 R8, FinnGen consortium (https://www.finngen.fi/en)

Any dementia KRA_PSY_DEMENTIA_ 12,042/254,976 R8, FinnGen consortium (https://www.finngen.fi/en)
EXMORE

CPAmax, area of the largest carotid plaque burden detected; CPSmax, maximal degree of stenosis; baPWV, brachial-ankle pulse wave velocity; bfPWV, brachial-
femoral; PAD, peripheral artery disease; pwASI, pulse wave arterial stiffness index; CoAS, coronary atherosclerosis; CeAS, cerebral atherosclerosis; ATHSCLE,
atherosclerosis, excluding cerebral, coronary and PAD; CAD, coronary artery disease; AD, Alzheimer's disease; DLB, dementia with Lewy bodies; FTD, fronto-
temporal dementia; VaD, vascular dementia; GWAS, genome-wide association study

RESULTS

The F-statistic for each SNP was greater than 10, which avoided the influence of weak IVs on our result to some extent. The integrated infor-
mation of SNPs included for exposures is listed in Table 2, and the details of the characteristics of each SNP are shown in Tables S1-S11. The
integrated primary MR results obtained based on the IVW method are shown in Figure 2, and detailed results can be found in Tables S12-522.

Causal effect of CPAmax and CPSmax on the risk of dementia via initial and sensitivity analyses
A total of 3-6 independent SNPs for CPAmax and 5-10 independent SNPs for CPSmax were selected as Vs and the F-statistics ranged from
19.789 to 28.836 (selection criterion, 1e-5). After correction for multiple tests (STAR methods), suggestive evidence from the initial IVW ana-
lyses showed that genetically predicted CPAmax was positively associated with the development of AD (OR = 1.102, 95% CI: 1.002-1.211, p =
0.045), while genetically predicted CPSmax was positively associated with the development of DLB (OR = 1.252, 95% Cl, 1.009-1.553, p =
0.041). Although no significant results were obtained by other sensitivity MR methods, the effect directions were all consistent with the
main IVW method (Figures 2A and 2B, Tables S12 and S13). Notably, the aforementioned suggestive positive causal associations were no
longer present when a more stringent selection criterion (5e-6) was applied. Through Phenoscanner retrieval, no significant correlation
was found between the excluded SNPs (CPAmax: rs72942431, rs2076835, and rs150656634; CPSmax: rs1149250, rs2076835, and
rs12985814) and other traits. All models suggested that CPAmax had no causal effect on the risk of DLB (OR = 1.367, 95% Cl: 0.973-
1.919, p = 0.071), VaD (ORyyw = 0.964, 95% ClI: 0.733-1.268, p = 0.794), and any dementia (ORyw = 0.930, 95% Cl: 0.838-1.033, p = 0.177).
Since no overlapping SNPs could be screened, the causal association between CPAmax and FTD/FTD_meta could not be analyzed. We con-
ducted additional sensitivity analysis using FTD and AD data from the FinnGen consortium (STAR methods), and the results showed that no
evidence was detected for a causal relation between CPAmax and FTD_FinnGen (ORyw = 0.559, 95% Cl: 0.191-1.633, p = 0.288) or
AD_FinnGen (ORw = 0.991, 95% CI: 0.841-1.169, p = 0.916) (Table S11).

All models suggested that CPSmax had no causal effect on the risk of AD (ORyy = 0.965, 95% ClI: 0.894-1.041, p = 0.356), VaD (ORyw =
0.989, 95% CI: 0.815-1.202, p = 0.918), and any dementia (ORwww = 1.041, 95% CI: 0.968-1.120, p = 0.278). Similarly, due to the inability to
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Figure 1. Overview of the MR study design

The dashed lines represent pathways that violate the MR assumptions. SNP, single nucleotide polymorphism; CPAmax, area of the largest carotid plaque
detected; CPSmax, maximal degree of stenosis; PWV: pulse wave velocity; baPWV, brachial-ankle PWV; bfPWV, brachial-femoral PWV; PAD, peripheral
artery disease; pwASl, pulse wave arterial stiffness index; CoAS, coronary atherosclerosis; CeAS, cerebral atherosclerosis; ATHSCLE, atherosclerosis,
excluding cerebral, coronary, and PAD; CAD, coronary artery disease; AD, Alzheimer's disease; DLB, dementia with Lewy bodies; FTD, frontotemporal
dementia; VaD, vascular dementia; GWAS, genome-wide association study; UKB: United Kingdom Biobank.

screen out overlapping SNPs in CPSmax and FTD, we conducted supplementary analysis on the causal relationship between CPSmax and
FTD_meta as well as FTD_FinnGen and did not find any causal relationship between them (Table S12).

Causal effect of PAD and CAD on the risk of dementia via initial and sensitivity analyses

In the initial analysis of PAD, 4-32 SNPs were selected and the F-statistics ranged from 19.516-68.505 (selection criterion, 1e-5). All MR models
consistently showed that there was no causal effect of PAD on the risk of any dementia subtype (Figure 2C and Table S14). The results were
consistent when stricter criteria for IV selection (5e-6) were adopted (STAR methods).

In sensitivity analysis, a total of 2-32 independent SNPs for PAD_FinnGen were selected as IV, and the F-statistics ranged from 19.516—
89.696 (selection criterion, 1e-5). The IVW analysis indicated that genetically determined PAD_FinnGen (OR: 0.895, 95% Cl: 0.842-0.952,
p = 0.0004) was reversely associated with the risk of AD (Figure 2D). Although no significant results were obtained by other MR models except
the weighted median method (suggestive evidence, OR (95% Cl): 0.875(0.797-0.962), p = 0.006), the effect direction was consistent with the
main IVW method. Even if the screening criteria for IVs are strict to 5e-8, 5e-7, or 5e-6 (STAR methods), the reverse causal relationship between
PAD_FinnGen and AD still has significant or suggestive significance (ORse._g: 0.693, 95% Cl: 0.561-0.855, p = 0.0006; ORs.7: 0.826, 95% Cl:
0.689-0.989, p = 0.038; ORse.: 0.864, 95% Cl: 0.797-0.937, p = 0.0004). Several excluded SNPs were significantly associated with systemic
sclerosis (rs145659637), coronary artery disease (rs117733303 and rs2107595), sitting height (rsé0583357), and lipid metabolism
(rs17248727, rs145947882, and rs2980888). All models suggested that PAD_FinnGen has no causal effect on the risk of DLB (ORw =
1.003, 95% Cl: 0.849-1.186, p = 0.968). Since only 2 SNPs were selected as IV to estimate the causal effect of PAD_FinnGen on the FTD
risk, we performed a supplementary sensitivity analysis using another larger FTD summary dataset and the MR result (PAD_FinnGen to
FTD_meta) was consistent with the initial result (Table S15).

A total of 8-61 independent SNPs for CAD were selected, and the F-statistics ranged from 29.825 to 595.221 (selection criterion, 5e-8). All
MR models consistently showed that there was no causal effect of CAD on the risk of any dementia subtype (Figure 2E). The results were
consistent when stricter criteria for IV selection (5e-9) were adopted (Table S16).

Causal effect of CoAS, CeAS, and ATHSCLE on the risk of dementia via initial and sensitivity analyses

A total of 5-46 independent SNPs for CoAS were selected as Vs, and the F-statistics ranged from 29.928 to 209.929 (selection criterion, 5e-8).
After correction for multiple tests (STAR methods), suggestive evidence from the initial VW analyses showed that genetically predicted CoAS
was inversely associated with the development of AD (OR = 0.927, 95% Cl: 0.860-0.998, p = 0.045). Although no significant results were ob-
tained by other sensitivity MR methods, the effect directions were all consistent with the main IVW method (Figure 2F, Tables S17). Notably,
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Table 2. Integrated information of SNPs used for the two-sample Mendelian randomization analysis

DLB (ebi-a- Any dementia

AD (ieu-b-2) AD (FinnGen) GCST90001390) VaD (FinnGen) FTD (ieu-b-43) FTD (meta) FTD (FinnGen) (FinnGen)

nSNP  F nSNP  F nSNP  F nSNP  F nSNP  F nSNP  F nSNP  F nSNP  F
CPAmax ) 135.529 ) 133.772 3 62.505 ) 133.772 6 133.772 - - - - 6 133.772
CPSmax 10 221.629 9 199.484 9 198.063 9 199.484 - - 6 128.390 9 199.484 9 199.484
baPWV 13 276912 20 430.389 15 318.223 20 430.389 - - 5 101.569 20 430.389 20 430.389
bfPWV 22 462.772 24 502.480 21 437.013 24 502.480 2 41.712 14 288.321 24 502.480 24 502.480
PAD 21 466.411 28 620.504 32 689.841 25 560.756 4 79.885 17 381.185 28 620.504 32 747.728
PAD_FinnGen 32 764.484 - - 31 792.026 - - 2 44.953 20 487.140 - - - -
pwWASI 27 604.263 31 749.774 35 811.501 34 818.562 3 68.256 23 512.824 36 863.547 30 668.411
CoAS_FinnGen 46 2600.420 - - 44 2356.869 - - 5 316.476 33 1743.254 - - - -
CeAS_FinnGen 9 185.995 - - 8 162.629 - - 1 21.147 3 60.989 - - - -
ATHSCLE_FinnGen 9 386.684 - - 12 589.810 - - 4 90.708 8 361.674 - - - -
CAD 51 4023.882 58 4335.247 - - 61 4514.494 8 558.928 60 4169.708 61 4514.494 56 4230.495

SNP, single nucleotide polymorphism; CPAmax, area of the largest carotid plaque detected; CPSmax, maximal degree of stenosis; PWV: pulse wave velocity; baPWV, brachial-ankle PWV; bfPWV, brachial-
femoral PWV; PAD, peripheral artery disease; pwASl|, pulse wave arterial stiffness index; CoAS, coronary atherosclerosis; CeAS, cerebral atherosclerosis; ATHSCLE, Atherosclerosis, excluding cerebral, cor-
onary and PAD; CAD, coronary artery disease; AD, Alzheimer's disease; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; VaD, vascular dementia; GWAS, genome-wide association study.
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Figure 2. Main results (IVW method) of the causal effect of atherosclerosis indicators on dementia

The causal effect of different atherosclerosis indicators on dementia subtypes was expressed as OR per unit. Error bars represent the 95% Cls of the estimates.
A) The causal effect of CPAmax on dementia.

B) The causal effect of CPSmax on dementia.

C) The causal effect of PAD on dementia.

D) The causal effect of PAD_FinnGen on dementia.

E) The causal effect of CAD on dementia.

F) The causal effect of CoAS on dementia.

G) The causal effect of CeAS on dementia.

H) The causal effect of ATHSCLE on dementia.

1) The causal effect of baPWV on dementia.

J) The causal effect of bfPWV on dementia.

(K) The causal effect of pwASI on dementia.

SNP, single nucleotide polymorphism; CPAmax, area of the largest carotid plaque detected; CPSmax, maximal degree of stenosis; PWV: pulse wave velocity;
baPWV, brachial-ankle PWV; bfPWV, brachial-femoral PWV; PAD, peripheral artery disease; pwASl, pulse wave arterial stiffness index; CoAS, coronary
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Figure 2. Continued

atherosclerosis; CeAS, cerebral atherosclerosis; ATHSCLE, atherosclerosis, excluding cerebral, coronary, and PAD; CAD, coronary artery disease; AD,
Alzheimer's disease; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; AD, Alzheimer's disease; DLB, dementia with Lewy bodies; FTD,
frontotemporal dementia; VaD, vascular dementia; IVW, inverse variance weighted; OR, odd ratio; Cl, confidence interval.

the aforementioned reverse causation was no longer present when a more stringent selection criterion (5e-9 and 5e-10) was applied. Through
phenoscanner query, several excluded SNPs were significantly related to coronary artery disease (rs10774624, rs11670056, rs16984953,
rs2246828, rs3776299, and rs72938351), diabetes or height (rs3134943 and rs558797786), and diastolic blood pressure (rs665834).

A total of 1-9 independent SNPs for CeAS were selected, and the F-statistics ranged from 19.556 to 21.946 (selection criterion, 1e-5). All
MR models consistently showed that there was no causal effect of CeAS on the risk of any dementia subtype (Figure 2G). The results were
consistent when stricter criteria for IV selection (5e-6) were adopted (Table S18).

Atotal of 8-12 independent SNPs for ATHSCLE were selected as Vs (the F-statistics ranged from 19.702 to 108.725 (selection criterion, 5e-8)) to
estimate its effect on the risk of AD, DLB, and FTD_meta. After correction for multiple tests, suggestive evidence from the initial IVW analyses
showed that genetically predicted ATHSCLE was inversely associated with the development of AD (OR = 0.812, 95% CI: 0.725-0.909, p =
0.0003) and FTD_meta (OR = 0.624, 95% CI: 0.449-0.868, p = 0.005). Although no significant results were obtained by other sensitivity MR methods,
the effect directions were all consistent with the main IVW method (Figure 2H). Notably, the aforementioned reverse causation persisted when a
more stringent selection criterion (5e-9) was applied (Table $19), and the excluded SNPs (rs2273500 and rs35236974) were significantly related to
smoking. Due to the absence of IVs that satisfy 5e-8 for estimating the causality between ATHSCLE and FTD, two less stringent choices (1e-5 and
5e-6) were used (STAR methods). The consistent results indicated that there was no causal relationship between ATHSCLE and FTD.

Causal effect of baPWV and bfPWV on the risk of dementia via initial and sensitivity analyses

A total of 5-20 independent SNPs for baPWV and 2-24 independent SNPs for bfPWV were selected as IV and the F-statistics ranged from
19.618 to 28.441 (selection criterion, 1e-5). All models in the initial and supplementary sensitivity analyses consistently suggested no causal
relationship between baPWV or bfPWV and any dementia subtype (Figures 21 and 2J), and there was also no evidence of heterogeneity and
pleiotropy effect based on Cochran’s Q and MR-Egger intercept tests (Tables S20 and S21).

Causal effect of pwASI on the risk of dementia via initial and sensitivity analyses

In the initial analysis, 3-35 SNPs were selected and the F-statistics ranged from 19.709 to 64.902 (selection criterion, 1e-5). All MR models
consistently showed that there was no causal effect of pwASI on the risk of AD, DLB, and FTD (Figure 2K, Table S22). After correction for mul-
tiple tests (STAR methods), suggestive evidence from the initial IVW analyses showed that genetically predicted pwAS| was reversely asso-
ciated with the development of VaD (OR = 0.394, 95% Cl: 0.208-0.747, p = 0.004), while genetically predicted pwASI was significantly asso-
ciated with the development of any dementia (OR = 0.547, 95% Cl, 0.397-0.754, p = 0.0002). Although no significant results were obtained by
other sensitivity MR methods, the effect directions were all consistent with the main IVW method. Notably, the previously suggestive reverse
causations were no longer present when more stringent selection criteria (5e-6 and 5e-7) were applied (Table S22). Through phenoscanner
query, the excluded SNPs were significantly associated with height or BMI (rs1111088, rs?501489, and rs11513729), coronary artery disease, or
lipid metabolism (rs651007 and rs11513729).

In sensitivity analysis (STAR methods), a total of 23-36 independent SNPs for pwAS| were selected as IV, and the F-statistics ranged from
19.709 to 64.902. All models suggested that pwASI has no causal effect on the risk of FTD_meta, FTD_FinnGen, and AD_FinnGen (Table $22).

In general, the sensitivity analyses using different analytical methods confirmed the reliability of our results (STAR methods). First, no het-
erogeneity or horizontal pleiotropy was detected using Cochran’s Q, MR-Egger intercept, and MR-PRESSO tests. Second, all leave-one-out
plots showed that no single SNP drove the causal estimates (Figure 3 and Figures S1-595).

DISCUSSION

We conducted conventional two-sample MR analyses to estimate the putative causal effect of subclinical atherosclerosis indicators or arterial
stiffness, including CPAmax, CPSmax, PAD, CAD, CoAS, CeAS, ATHSCLE, baPWV, bfPWV, and pwASl, on the risk of various dementia subtypes.
Contrary to previous studies, we found suggestive evidence supporting a reverse causal effect of PAD_FinnGen, CoAS, and ATHSCLE on AD risk
and areverse causal effect of ATHSCLE on FTD risk. Although the initial analysis of PAD and AD did not yield consistent results with the sensitivity
analysis, this finding is still unexpected and requires further exploration. The suggestive evidence of adverse effects of CPAmax and CPSmax on
the risk of AD and DLB, as well as the significant evidence of a positive effect of pwAS| on the risk of VaD and any dementia, are basically consis-
tent with published observational studies but no longer persisted after more stringent selection criteria for IV were used. Unexpectedly, we did
not find any evidence in support of a causal effect of PWV on the risk of any dementia subtype. Although dementia subtypes are highly correlated,
the pathological mechanisms of AD and other dementia subtypes are not identical,”® which is one of the reasons why the causal effects of the
same atherosclerosis indicators on different dementia subtypes are inconsistent. Similarly, different arterial stiffness and subclinical atheroscle-
rotic indicators reflect different pathological lesions of arterial vessels, so their effects on the same dementia subtype may be different.
Atherosclerosis is a chronic inflammation of the vessel commonly found in the carotid artery, and subclinical atherosclerosis is considered a
potential risk factor for cognitive impairment and progression to dementia, with most of the evidence originating from European, African, or
East Asian populations.'”?" Although vascular pathologies are also a critical component of AD,? the correlation between carotid atherosclerosis
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Figure 3. MR leave-one-out sensitivity analysis of the effect of PAD_FinnGen and ATHSCLE_FinnGen on AD or FTD_meta
Each row represents an MR analysis of the effect of PAD_FinnGen on AD and ATHSCLE_FinnGen on AD and FTD_meta, using all instruments except for the SNP
associated with exposure listed on the y axis. The point represents the beta with that SNP removed, and the line represents the 95% confidence interval. The
screening thresholds for PAD_FinnGen were 1e-5 (A1), 5e-6 (A2), and 5e-7 (A3), and the screening thresholds for ATHSCLE_FinnGen were 5e-8 (B1 and C1)
and 5e-9 (B2 and C2). PAD, peripheral artery disease; ATHSCLE, atherosclerosis, excluding cerebral, coronary, and PAD; AD, Alzheimer's disease; FTD,

frontotemporal dementia.

and dementia is still controversial.“®?? Carotid artery plaque and stenosis are established markers of subclinical atherosclerosis, and the degree
of stenosis is significantly related to cognitive decline.*® Using representative indicators (CPAmax and CPSmax) reflecting the characteristics of
arteriosclerosis described previously, this MR study found a suggestive positive causal effect of CPAmax (area of the largest carotid plague) on
the risk of AD as well as CPSmax (degree of carotid stenosis) on DLB risk, which was in line with recently published results in a cross-sectional
study.”® The disappearance of significance after adopting more stringent IV selection criteria and the insignificant findings of the association be-
tween CPSmax and AD risk as well as these two indicators and other dementia subtypes may be related to the following factors: (1) Fewer Vs are
more likely to result in false negative results due to insufficient power.>' (2) The specific location of carotid stenosis. Based on the findings of Fer-
genbaum JH et al.,* bilateral or left carotid artery stenosis rather than right carotid artery stenosis was associated with decreased cognitive ability.
(3) The sex and age ratio of the sample in summary data. Atherosclerosis is known for its sexual dimorphism, and men exhibit a higher risk than
women, although the underlying mechanisms are only partly understood.*® In addition, advanced age is a well-known risk factor for cognitive
impairment.>* Therefore, summary data with more sample and detailed stratified information should be developed for analysis in the future.

It is widely accepted that peripheral atherosclerosis may deteriorate neurodegenerative processes through endothelial cell dysfunction
and microvascular impairment.3b Peripheral artery disease (PAD), characterized by an ankle-to-brachial index (ABI) < 0.90 or >1.40, is a mani-

festation of underlying generalized atherosclerosis.® Several epidemiological studies have shown that lower ABI (increased odds of PAD)
D,"*'%37 suggesting the presence of a relationship between

may contribute to the aggravation of AD-related cognitive impairment and Va
atherosclerosis of cerebral arteries and dementia and cognitive decline in older adults. Although no causal association between PAD and

dementia was observed in our initial MR analysis, which may be related to the small sample size,*® a suggestive reverse causality was detected
in the sensitivity analysis. Similarly, the insignificant causality between CeAS and dementia may also be due to the limited sample size. From
another perspective, some studies reported that both high and low ABI were positively related to an increased risk of dementia, particularly a
U-shaped relationship.'® Additionally, the Ankle Brachial Index Collaboration demonstrated a reverse J-shaped relationship of ABI with mor-
tality and coronary events with a low risk ABI ranging from 1.11 to 1.40.%° The complex mechanisms mentioned previously, as well as the po-
tential differences in the definition of PAD among different databases, may be other possible reasons for the insignificant and inconsistent
results of the initial and sensitivity analyses. In addition, the lower extremity PAD burden differs by race/ethnicity. Even if we selected summary
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data that primarily focus on European populations, the database that aggregates data from multiple consortia does not rule out the possi-
bility of the presence of some other ethnic individuals. Consistent with the result of a published MR study,*” our study did not find a causal
effect of CAD on dementia, which indicated that the treatment of CAD may not directly prevent dementia, but the indirect beneficial effect of
CAD prevention measures on dementia risk cannot be ruled out. Since atherosclerosis and dementia are both age-related diseases with
similar risk factors (smoking, hypertension, diabetes, dyslipidemia, etc.),"” which have been verified by the Phenoscanner V2 tool, the sugges-
tive reverse causal effect of CoAS and ATHSCLE on the AD risk and the suggestive reverse causal effect of ATHSCLE on the FTD risk observed
in this study need careful interpretation and further exploration. Even so, these results suggested that current lifestyle interventions, preven-
tive measures, and treatment strategies recommended for atherosclerosis may have indirect benefits in reducing dementia risk.

Arterial stiffness, another independent factor for dementia,*’ increases before any visible changes appear in the vascular wall structure and
is a precursor to the development of atherosclerosis. PWV is an integrative marker of arterial function and is regarded as the gold-standard
noninvasive measure of arterial stiffness.*” One previous MR study”” confirmed a bidirectional causal effect of PWV and blood pressure, which
is a risk factor for dementia. It is plausible that PWV should be positively correlated with the progressive decline in cognitive function.”” How-
ever, no causal association of baPWV and bfPWV with the risk of any dementia was detected in our MR study, which is consistent with the
results of a prospective study, even if different PWV modes were used.”” Given the strong positive correlations between cfPWV and baPWV
as well as between cfPWV and bfPWV,*? and the limited IV of cfPWV (only one SNP), only baPWV and bfPWV were included in the MR analysis.
Several possible pathophysiological mechanisms may contribute to the uncorrelated association between PWV and cognitive function. First,
a previous study”” found a significant association between higher PWV and greater cognitive decline in specific cognitive domains but did not
provide evidence for an association with global cognitive function. Second, arterial stiffness can be divided into two mechanisms (load-
dependent and structural stiffening), and total stiffness was associated with dementia but load-dependent and structural stiffness were
not.** Third, baPWV is strongly correlated with age and body mass index (BMI), which may be a key factor in causal inference.”**> Of
note, the current study found pwASl|, another marker of arterial stiffness, significantly associated with any dementia, and suggestively asso-
ciated with VaD, but the causality was no longer present when more stringent screening criteria were used. Using the Phenoscanner tool, it can
be seen that the excluded SNPs are strongly correlated with height, sitting height, BMI, and even hypertension, hyperlipidemia, and hyper-
glycemia, confirming the possibility of the impact of pleiotropic SNPs on false positive results in the original analysis. The ASI was developed
to evaluate arterial stiffness based on an analysis of the pulse wave amplitude pattern acquired from measurements of brachial blood pres-
sure.” In addition to the potential reasons mentioned previously, the methodological differences between arterial stiffness measurement and
pulse wave velocity may be another consideration.’ Ultimately, the results should be interpreted with caution, and further studies are needed
to explore any potential association of arterial stiffness and dementia.

There are several advantages of our study. First, we used a two-sample MR approach to explore the causal relationship between various
atherosclerosis indicators and different types of dementia as comprehensively as possible. Second, to improve the reliability of our results,
different GWAS datasets and IV screening criteria were used, and multiple analytical methods were conducted. Finally, although no valid ev-
idence was found, the analytical thinking of exploring the causality between subclinical indicators, that is, disease detected noninvasively
before it produces clinical signs and symptoms, and outcomes may have certain reference value.

Limitations of the study

Inevitably, there are also several limitations to this study. First, due to the limited GWAS data available, we only used six arterial stiffness or
atherosclerosis indicators and four representative types of atherosclerosis for analysis. The summary statistics of several indicators (i.e., ABl or
intima-media thickness (IMT)) cannot be obtained, and all included indicators except PAD lack another database for sensitivity analysis. Sec-
ond, the small sample size of exposures and outcomes may be a major factor affecting the reliability of the MR results. By calculating the
F-statistic, even if there are no weak IVs, the MR results should be interpreted with caution. Meanwhile, GWAS with a larger sample size
also needs further development. Third, as the relevant GWAS research is mainly conducted among participants of European descent, further
research is needed to assess the universality of our results among other ethnic groups. Last but not least, although arterial stiffness and athero-
sclerosis were observed causal relationships with different subtypes of dementia to varying degrees, this study was still unable to determine
their priority in the risk of dementia. In addition, Celelja M et al."® indicated that the changes of atherosclerosis in the arterial wall were not
necessarily related to arterial stiffness, so the association between arterial stiffness and atherosclerosis as well as their mechanisms on the
development of dementia needs to be further explored.

In this work, we sought to advance our understanding of the causal relationship between arterial stiffness or subclinical atherosclerosis
indicators and dementia risk. We identified a suggestive reverse causal effect of PAD, CoAS, and ATHSCLE on AD, and a suggestive reverse
causal effect of ATHSCLE on FTD. The Phenoscanner query results suggested that the disappearance of the significance results in the original
analysis might be attributed to those pleiotropic SNPs. In addition, subclinical atherosclerosis indicators are modifiable, and their reliable
association with dementia means that many subtypes of dementia may be prevented or delayed. Therefore, GWASs with larger sample
size are needed for further research to identify which subclinical atherosclerosis indicators can better predict cognitive decline or dementia.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

GWAS summary statistics for CPAmax and CPSmax Pott et al.* https://www.health-atlas.de/
GWAS summary statistics for PAD IEU OpenGWAS project https://gwas.mrcieu.ac.uk/
GWAS summary statistics for PAD_FinnGen FinnGen consortium https://www.finngen.fi/en
GWAS summary statistics for CAD IEU OpenGWAS project https://gwas.mrcieu.ac.uk/
GWAS summary statistics for CoAS, CeAS and ATHSCLE FinnGen consortium https://www.finngen.fi/en
GWAS summary statistics for baPWV and bfPWV Rode et al.*’ https://www.health-atlas.de/
GWAS summary statistics for pwAS| IEU OpenGWAS project https://gwas.mrcieu.ac.uk/

Software and algorithms

R https://www.r-project.org N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Youxin Wang (wangy@ccmu.
edu.cn).

Materials availability
The study did not generate any new materials.

Data and code availability

This paper analyzes existing, publicly available data. These accession websites for the datasets are listed in the key resources table. The orig-
inal code is available in this paper’s supplemental information (Methods S1). Any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Ethics statement

Publicly available GWAS summary data were used in this MR study, so no additional ethical approval was required.

Study design
Our study was conducted following the Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian Random-
ization (STROBE-MR)™ guidelines for transparent reporting of MR analyses.

The MR analysis is based on the following three core hypotheses®': 1) the instrumental variable (IV) should be robustly associated with the
exposure (atherosclerotic indicators). The independent (linkage disequilibrium (LD), r? < 0.001 within a 10,000 kb window) single nucleotide
polymorphism (SNP) that satisfied the GWAS significance (p < 5 X 1078) or relaxed threshold (p < 1 x 107°) referring to published studies®”>*
(in the case of a limited number of SNPs) was selected as IV, and the F-statistic (F = beta®/se?) was calculated to assess the strength of each
genetic instrument.”” A higher F-statistic indicates a lower risk of weak IV bias. 2) The IV is independent of confounding factors. To minimize
the possibility of confounders caused by population stratification, all data sources were limited to European individuals. 3) The IV influences
the outcome (dementia) exclusively via the exposure.

GWAS data for atherosclerotic indicators

Data on the area of the largest carotid plague detected (CPAmax) and maximal degree of stenosis (CPSmax) were derived from the LIFE-Adult
cohort (N = 727 men and 550 women).** The PWV summary statistics were obtained from a GWAS for three PWV modes, namely, cfPWV,
brachial-ankle PWV (baPWV) and brachial-femoral PWV (bfPWV), in the LIFE-Adult study (N = 3,643-6,734).% Summary statistics of PAD
(GWAS ID: ukb-d-19_ PAD *°) and pulse wave arterial stiffness index (pwASl) (GWAS ID: ukb-b-11971, MRC-IEU Consortium) were obtained
from the United Kingdom Biobank (UKB), which enrolled a total of 362,194 samples (9,637,467 SNPs) for PAD and 151,053 individuals
(9,851,867 SNPs) for pwASI. As a sensitivity analysis, additional summary data on PAD (phenocode: I9_PAD) with more PAD cases (9,021 cases
and 244,907 controls) derived from the FinnGen consortium®’ (release 6, accessed on 24 April 2023) were used to explore its causal effect on
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dementia from non-FinnGen data. Summary data on coronary atherosclerosis, cerebral atherosclerosis and atherosclerosis (excluding cere-
bral, coronary and PAD) were also obtained from the FinnGen consortium (release 8).”’ The coronary artery disease (CAD) summary statistics™®
(GWAS ID: ebi-a-GCST9005195) were derived from the datasets that satisfy minimum requirements imported from the EBI database of com-
plete GWAS summary data.

GWAS data for dementia

The summary data on AD (GWAS ID: ieu-b-2, sample size: 21,982 cases and 41,944 controls)®” and FTD (GWAS ID: ieu-b-43, sample size: 515
cases and 2,509 controls)®® were obtained from the recently published GWAS, which included many different consortia of participants with
European ancestry. AD is the most common dementia subtype, and FTD is commonly underdiagnosed because it is a heterogeneous spec-
trum. As an additional sensitivity analysis, we utilized another publicly available GWAS summary statistic for AD*’ (phenocode: F5_ALZHDE-
MENT, sample size: 4,406 cases and 325,306 controls) and FTD (FTD_meta”: 2,154 cases and 4,308 controls; FTD_FinnGen®’: 99 cases and
328,323 controls). A detailed description of these GWAS summary statistics is available in the corresponding publication. The summary data
on DLB (GWAS ID: ebi-a-GCST900001390, sample size: 2,591 cases and 4,027 controls)®’ were obtained from the datasets that satisfy min-
imum requirements imported from the EBI database of complete GWAS summary data. Vascular dementia (phenocode: F5_VASCDEM, sam-
ple size: 2,048 cases/328,982 controls) and any dementia (phenocode: KRA_PSY_DEMENTIA_EXMORE, sample size: 12,042 cases/254,976
controls) were both derived from the FinnGen database™ (release 8, accessed on 24 April 2023).

METHOD DETAILS

MR analysis

The fixed-effect inverse-variance weighted (IVW)® analysis was used as the primary method, which applies a meta-analysis approach to inte-
grate the Wald ratio of each SNP. To ensure that the three core assumptions were not breached, MR-Egger regression,®*** weighted me-
dian,*® and weighted mode® methods were performed as sensitivity analysis methods. These three robust methods can produce a valid es-
timate of the causal relationship under different assumptions.

Sensitivity analysis

Heterogeneity was assessed by Cochran’s Q heterogeneity test in the VW method (the Q-statistic p < 0.05 indicated the presence of het-
erogeneity), and outlier SNPs were detected and excluded by the Mendelian randomization pleiotropy residual sum and outlier (MR-
PRESSO) method. If MR-PRESSO failed to detect outliers, then IVW radial regression and Egger radial regression were implemented.®’“®
The intercept test (p > 0.05 means no pleiotropy) of MR-Egger regression was used to assess horizontal pleiotropy. MR-PRESSO analysis
was used to detect (global test) and correct (outlier test) and remove (distortion test) the abnormal SNPs.®” We conducted leave-one-out anal-
ysis to explore the influence of each genetic variant on the outcome.®”

A common statistical method when selecting genetic variations is to include all variations related to exposure at the genome-wide signif-
icance threshold level (p < 5 x 1078, a stringent level that was used to control the number of false positive findings).*' If such variants are not
available, we can consider using a less stringent choice of variants (5e-7, 5e-6, 1e-5, etc.), which generally have no single correct criterion as
long as they do not violate the instrumental variable assumption. Considering the reliability of MR results, we performed sensitivity analysis
using different SNP screening thresholds (especially for exposures with 2-digit SNPs and non-null results) and summary datasets released
from other available sources, provided that these datasets meet the requirements of two-sample MR, that is, the exposure and outcome data-
sets come from two independent non-overlapping samples of a homogeneous population.”® In addition, the Phenoscanner V2"’ tool
(http://www.phenoscanner.medschl.cam.ac.uk/) was used to check whether the excluded SNPs were strongly related to diseases or pheno-
types other than exposures, known as horizontal pleiotropy.

QUALIFICATION AND STATISTICAL ANALYSIS

Statistics and software

Odds ratios (ORs) and the corresponding 95% confidence intervals (Cls) of dementia correspond to dementia risk per standard deviation (SD)
increase in log odds of the atherosclerosis indicators. In this study, we included analyses of 11 atherosclerotic indicators and 8 subtypes of
dementia. Considering multiple testing and referring to previous MR studies,”*”° we used a conservative method and applied a Bonferroni
corrected significance level computed as 0.05 divided by 88 (that is, & = 0.05/11/8 = 0.0006). p < 0.0006 was considered strong evidence of a
causal association, while p < 0.05 but above the Bonferroni corrected significance threshold (0.0006) was considered suggestive of evidence
for a potential association. All data analyses were performed using R software (version 4.1.2, https://www.r-project.org/), and MR analyses
were performed using the "TwoSampleMR" and "MR-PRESSO" packages.
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